The effects of non-thermal plasma (NTP) treatment on biomass in the form of pulverized palmbased empty fruit bunches (EFB) are investigated. Specifically, this study investigates the effects of NTP treatment on the surface reactivity, morphology, oxygen-to-carbon (O/C) ratio of the EFB at varying treatment times. The surface reactivity is determined by the reaction of antioxidant functional groups or reactive species with 2,2-diphenyl-1-picrylhydrazyl (DPPH). By measuring the concentration of the DPPH with a spectrophotometer, the change in the amount of antioxidant functional groups can be measured to determine the surface reactivity. The reactions of the various lignin components in the EFB with respect to the NTP treatment are discussed by qualitatively assessing the changes in the Fourier transform infrared (FTIR) spectra. The surface morphology is examined by a scanning electron microscope. To determine the amount of oxygen deposited on the EFB by the air-based NTP treatment, the oxygen and carbon contents are measured by an energy dispersive x-ray detector to determine the O/C ratio. The results show that the NTP reactor produced reactive species such as atomic oxygen and ozone, increasing the surface reactivity and chemical scavenging rate of the EFB. Consequently, the surface morphology changed, with an observed rougher surface from the images of the EFB samples. The change in the appearance of the surface is accompanied by a high O/C ratio, and is caused by reactions of certain components of lignin due to the NTP treatment. The lignin component that was modified is believed to be syringyl, as the syringyl portion in the lignin of EFBs is higher compared to the other components. Syringyl components are detected in the range of FTIR wavenumbers of 1109-1363 cm −1
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. Introduction
Currently palm-based empty fruit bunches (EFB) are utilized for producing high-value added products, such as activated carbons, cellulose and fine chemicals for different industries [1] . These processes can be made more efficient to improve the economics and reduce their carbon footprint [2] . By treating the EFB with non-thermal plasma (NTP) reactors, the surface properties of the EFB can be modified to improve efficiencies of the respective processes. NTP are partial electrical discharges that are initiated at sufficient voltages but at lower power consumptions compared to thermal plasmas. The partial electrical discharges cause the temperature of the electrons (measured in electronvolts or eV) to be higher than the surrounding gas molecules. The electrons then interact with the gas molecules to generate active radicals, reactive species and ions, which have higher energy levels, increasing the rate of reactions. The increase in reaction rates at relatively lower power consumptions has seen NTP reactors being incorporated in several applications. These applications include the reduction of liquid pollutants or volatile organic compounds, and the modification of surface properties of various materials. These applications include reduction of liquid pollutants or volatile organic compounds, and the modification of surface properties of various materials [3] .
For modification of surface properties, NTP reactors ionize air to increase the oxygen and nitrogen functional groups on the surface of powder activated carbon (PAC) that is used to reduce the Mercury content in flue gas. The cost of material handling is reduced since chemical solutions are not required, while maintaining the surface textural properties of the PAC [4] . NTP reactors have been used to modify the surfaces of biomaterials used in clinical applications, such as blood-contacting devices, tissue engineering, and drug delivery systems. NTP treatments have also been used to insert chemically reactive functional groups, e.g. carboxyl groups or amine groups, onto polymer substrates via plasma cleaning and etching [5] .
Modification of wood properties can also be enhanced by NTP reactors. Wood is conventionally modified by thermal treatment at 180°C-240°C to increase the durability and dimensional stability, resulting from an increase in hydrophobicity and a decrease in biological degradation [6] [7] [8] . Accelerated thermal degradation of wood in vacuum conditions has been investigated by Lin et al [9] , and the change in the chemical structures was examined from the Fourier transform infrared (FTIR) spectra. From the FTIR, detailed changes of the cellulose, hemicellulose and lignin were able to be observed. Other methods of modification include the use of chemicals such as isopropenyl acetate, vinyl acetate, and acetic anhydride to modify the ultraviolet (UV) and dimensional stability [10, 11] . Coatings that involve precious elements such as titanium are also applied to wood surfaces to improve durability and hydrophobicity [12] .
NTP reactors are able to enhance the modification process of surface properties and have been used to alter the wettability of wood, increasing the hydrophobicity via a combination of oxygen plasma etching and NTP deposition of thin ethylene or fluorine films [13, 14] . In addition to wettability changes, the presence of active radicals and reactive species in NTPs are known to generate surface free radicals, reacting with coatings to form permanent chemical bonds, thus altering the adhesion properties [15] . The adhesion properties of different types of wood have also been modified [16] to increase the coating of phenol formaldehyde, urea formaldehyde resins and polyurethane. The surface polarity is also altered by oxidation, leading to an increase of hydroxyl, carboxyl, aldehyde and other polar functional groups on the surface [16] . Other examples of surface modification via NTP reactors include Garrido et al's work where thin layers of micro copper particles were applied on the surfaces of Scots pine micro-veneers via NTP to improve the resistance of the surfaces to weathering [17] .
The above examples have shown that NTP reactors are effective in modifying surface properties to produce biomaterials and alter surface properties such as adhesion, roughness, etc. However, the NTP treatments are mostly applied for different species of wood, and the effects of NTP treatment on palm-based EFB have not been investigated widely. Of particular interest is the effect of the NTP treatment on the EFB's lignin components, consisting of p-hydroxyphenyl, guaiacyl and syringyl [1, 18, 19] (readers are referred to [1] for a more detailed description of the lignin components and structure). In this study, the effects of NTP on EFB are investigated in terms of changes in the associated functional groups and chemical bonds, chemical scavenging reactivity, and surface morphology (qualitatively). Effects of the NTP treatment on the lignin components are investigated as well.
Materials and methods

Sample preparation and NTP reactor setup
The NTP reactor in this study is a plane to plane dielectric barrier discharge reactor, consisting of a Perspex glass and two steel plates as depicted in figure 1(a) . The size of Perspex glass and steel plates are 110 mm (2 mm thick) and 60 mm (1 mm thick) in diameter, and are used as the dielectric barrier and electrodes respectively. Pulverized EFB at an average size of 200 μm from a local palm oil mill is evenly distributed on the upper surface of the Perspex plate. The NTP reactor is connected to a high voltage (HV) simulator (PVM 2000) set to a voltage of 15 kV, while the frequency is adjusted to a resonant frequency of 46 kHz. A capacitor (0.10 μF) and an oscilloscope are used to measure the current and voltage across the capacitor, so that the NTP's discharge power can be estimated from a Lissajous diagram. A VARIAC is used to control the voltage so that the discharge power is 27 W (with an electrical power density of ∼0.95 W cm −2 ), while only the duration of the NTP treatment on the pulverized EFB is varied. The pulverized EFB samples are exposed to the NTP at different durations of 0.5 and 1 h respectively (EFB0.5, EFB1 for an exposure of 0.5 h, 1 h). The NTP treated pulverized EFB samples are compared to an untreated pulverized EFB sample (EFB0).
At the HV simulator settings above, partial electrical discharge is initiated, which appears as filaments emanating an UV glow in the gap between the steel plate and the Perspex plate (refer to figure 1(c) ), impinging on the pulverized EFB samples. The UV glow is a result of air ionization, where excited, higher energy level air molecules release photons in the UV wavelength as they de-excite to return to the ground state at lower energy levels.
DPPH uptake
The surface reactivity is determined by the chemical scavenging rate, indicated by the reaction of antioxidant functional groups (i.e., carbonyl, carboxyl, hydroxyl and free radicals species) or reactive species with chemical scavengers such as 2,2-diphenyl-1-picrylhydrazyl (DPPH). The change in the concentration of the chemical scavenger as a result of reactions with the active radicals and reactive species (produced from the NTP treatment) can be determined by a spectrophotometer [7] . 5 g of each pulverized EFB samples (EFB0, EFB0.5 and EFB1) are immersed in a methanol solution containing 300 ppm of DPPH. The solution and the immersed samples' absorbance spectra are then recorded by a Spectronic 20D+ Thermo-Spectronic spectrophotometer at a wavelength of 517 nm every 3 min. The DPPH uptake as a result of the reaction with the free-radical species for every 3 min is calculated from the measured absorbance peaks:
The difference in the DPPH uptakes at 0 and 12 min (ΔDPPH uptake) is taken as the value that indicates the surface reactivity for the pulverized EFB samples. A higher ΔDPPH uptake indicates that there is an increase in antioxidant functional groups, surface free radicals or reactive species that have reacted with the DPPH in methanol solution reacted.
Scanning electron microscopy and energy disperse x-ray (SEM-EDX)
The surface morphology of the samples are investigated qualitatively through SEM images via a Hitachi S-4800 SEM with an accelerating voltage of 15 kV and 15 mm working distance. Single-particle analysis was performed using SEM coupled with an EDX Bruker X Flash detector model Xflash 6/60. The EDX detector is equipped with Berrylium detector and microanalysis software (IXRF Systems Inc.) to determine the elemental composition.
Fourier transform infrared (FTIR)
An ABB MB3000-Pike Miracle FTIR analyzer is used in this experiment to analyze the functional polar groups such as carboxyl, carbonyl and hydroxyl. The FTIR absorption 
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Samples Solution Absorbance Stock Solution Absorbance Stock Solution Absorbance 100. = + -( ) spectra is recorded over the 600-4000 cm −1 range in absorbance mode with a spectral resolution of 2 cm −1 . The absorption spectra for the three samples (EFB0, EFB0.5 and EFB1) are obtained by averaging the absorbance of eight spectra for each sample. Figure 2 shows the variation of ΔDPPH uptake for EFB0, EFB0.5, and EFB1. The ΔDPPH uptake for EFB0 is negligible, indicating that there is no evidence of surface radicals and reactive species for the untreated pulverized EFB sample. The ΔDPPH uptakes are significantly higher for the NTP treated pulverized EFB samples at 12% and 14% for EFB0.5 and EFB1 respectively. The increase in ΔDPPH uptake indicates that for the NTP treated pulverized EFB samples there is an increase of surface radicals and reactive species, including atomic oxygen and ozone that are produced by the NTP with increase in NTP treatment duration [20] . These reactive species increases the surface reactivity, and by reaction with the chemical scavenger the ΔDPPH uptake increases. Similar results have been reported by Peters et al [21] , where the surface free energy increased after plasma treatments of 30-90 s, at electron energies of 9.8-12.6 eV (electron temperatures of 76-106.7×10 3 K). In this study, the electron energy is much lower at 6.6 eV (50.6×10 3 K), however the treatment time is significantly longer at 0.5 and 1 h (the procedures for determining the electron energy and temperature are reported elsewhere [22] ). Figure 3 shows the SEM images of the pulverized EFB samples. The surface of EFB0 appears smoother than the surfaces of EFB0.5 and EFB1 as shown in figures 3(a)-(c) . The apparent change in the surface appearance could be due to structural changes to the biomass' surface as a result of the NTP treatment. These results are similar to wood surfaces that have been exposed to NTP treatment, where their respective surfaces are observed to be rougher as well. This is because the NTP treatment induces surface ozone etching on the pulverized EFB's surrounding amorphous cellulose, exposing (more of) the lignin and crystalline portions of the cellulose component [13, 23] . The changes in the surface morphology of the NTP treated pulverized EFB samples are accompanied by changes of the lignin associated functional groups and bonds, and is discussed further with the respective absorbance from the FTIR analysis. Figure 4 shows the ratio of oxygen-to-carbon (O/C) for different pulverized EFB samples from the EDX analysis. The O/C ratio increases from EFB0 to EFB1 (from 0.42 to 0.81) as the ionized air generates atomic oxygen and ozone that reacts with the surface of the pulverized EFB. Free radicals produced by the NTP treatment also enhances the reaction. Similar increase in O/C ratios was reported by Klarhöfer et al [24] , where plasma treatment in synthetic air led to the oxidation and decomposition of lignin, generating hydroxyl, carbonyl, and carboxyl groups. The results concur with the increase in DPPH uptake (ref. figure 2) .
Results and discussion
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Other results have reported a decrease in O/C ratio due to lignin precipitation [20] . Koljonen et al reported that as the NTP ionizes the carboxylic groups, the lignin becomes unstable and coagulates, increasing lignin precipitates on the surface [25] . The higher carbon content in lignin (compared to cellulose and hemicellulose [26] ) increases the surface carbon concentration, decreasing the O/C ratio [20, 27] . Thus, the increase in O/C ratio observed in figure 4 is due to other reasons other than lignin precipitation. It could be that EFB has a different lignin composition compared to wood, resulting in different reactions with the radicals and reactive species produced from the NTP. A discussion of these possible reactions is presented with the absorbance spectra from the FTIR analysis.
Fourier transform infra-red (FTIR)
The FTIR absorbance of the pulverized EFB samples are shown in figure 5 , while the assigned wavelengths for the major functional groups and bonds are recorded in table 1. The observed absorbance is similar to those reported in literature [1, 20, 28, 29] . Figure 5(a) shows changes in the absorbance (at medium intensities) that are representative of the lignin content, which are observed for C-H bonds for aromatics in syringyl and guaiacyl at 1109 cm −1 [1, 20] (ref. figure 5(b) ), and also for the lignin associated C=C vibration aromatic ring at 1605 cm −1 [20] ( figure 5(a) ). Depending on the lignin's composition for different types of biomass, the resulting change in absorbance for different chemical bonds and functional groups differs at varying NTP treatment times. As the lignin structure is modified, the syringyl component in lignin decomposes and decreases in concentration, decreasing the band absorbance, but at the same time carboxyl and carbonyl groups (C=O) are released and increases the band intensity [28] . It is also reported that if the syringyl content is low, the syringyl concentration may not decrease as fast as the increase in carboxyl and carbonyl groups, resulting in an overall increase in the absorbance. The situation is complicated by the interaction of the said lignin types and their concentrations with the duration of the NTP treatment. High syringyl concentration at low intensity NTP treatment would reduce absorbance [28] .
The syringyl concentrations in the lignin of EFBs have been reported to be higher compared to the other components, such as guaiacyl [1, 19] and p-hydroxyphenyl [18] . At a power discharge of 27 W and a power density of 0.95 W cm −2 , the NTP treatment in this study is lower in intensity compared to that of Peters et al [21] (with power densities of 1.6-3.1 W cm −2 ), but as the treatment duration increases from 0 to 1 h, the exposure of the EFB to NTP treatment increases. Therefore, the combination of high syringyl concentration and increase in NTP treatment time resulted in a faster decomposition of syringyl, decreasing the absorbance for the C-H bond for aromatics in syringyl and guaiacyl at 1109 cm −1 (ref. figure 5(b) ), and also for the lignin associated C=C aromatic ring at 1605 cm −1 (ref. figure 5(a) ). The resulting release of carbonyl C=O functional group increases the absorbance at 1740 cm −1 at medium intensities (ref. figure 5(a) ) due to an increase in NTP treatment time as the duration of exposure increases from 0 to 1 h (i.e., EFB1). It should be noted that the absorbance of EFB0 to EFB1 is more significant for the C-H groups associated with syringyl and guaiacyl (1032 and 1109 cm −1 ) compared to the absorbance for the syringyl and guaiacyl single bonded oxygen (C-O) at 1269 cm −1 . However, the syringyl and guaiacyl absorbance at 1363 cm −1 [1] are higher for EFB0.5
and EFB1 compared to EFB0, evidence that syringyl is being increasingly released with NTP treatment. The shift in wavenumbers from 1364 to 1362 cm −1 with increase in NTP treatment time could be an indication of a slight increase in the syringyl concentration. However, the increase in syringyl concentration may not be at a fast enough rate compared to its decomposition, resulting in a decrease in the C-H, C=C bonds and an increase in C=O group. The FTIR results suggests that the NTP treatment has modified the lignin structure on the surface of the pulverized EFB, as indicated by the increase in absorbance of the C=O group and the decrease of absorbance in C-H, C=C of the syringyl components of lignin. The FTIR results corroborate with the corresponding ΔDPPH uptake, the surface morphology, and the O/C ratios. The results are indicative that surface reactivity and chemical scavenging are at their highest rates for EFB1 (figure 2), which was observed to have a rougher surface (ref figure 3) and higher O/C ratios ( figure 4) . The study has shown that NTP treatment of EFB is capable of modifying the surface properties, particularly the lignin components, which has a higher concentration of syringyl components compared to guaiacyl and p-hydroxyphenyl.
Conclusions
The NTP reactor produced reactive species such as atomic oxygen and ozone, increasing the surface reactivity and chemical scavenging rate, as is shown by the change in the ΔDPPH uptake. As a result, the surface morphology changed, with the surface observed to be rougher. The change in the surface roughness is accompanied by a high oxygen-to-carbon (O/C) ratio, and is caused by modifications in certain components of the lignin as a result of the NTP treatment. The syringyl concentration in the lignin of EFBs is higher compared to the other components, and with increasing NTP treatment times, the absorbance for syringyl related C-H and lignin associated C=C bonds decreases as syringyl decomposes. The resulting release of carboxyl compounds increases the absorbance of the carbonyl C=O group. The results show that NTP treatment is able to modify the surface properties of EFB, and that the treatment can modify the surface reactivity to improve their conversion and processing efficiencies. The results have also provided a better the understanding of NTP treatment on the different components of lignin in palm-based empty fruit bunches.
